Demand has been growing for three-dimensional (3D) reconstruction of asbuilt pipelines that occupy large areas within operating plants. In practice, measurements are efficiently performed using laser-scanning technology; however reconstructing an as-built pipeline from this laser-scanned data remains challenging. The data acquired from the plant facility can be incomplete due to complex occlusion, or it can be affected by noise due to the reflective surfaces of the pipelines and other parts. The aim of this study is to propose a method for generating models of entire pipelines that include straight pipes, elbows, reducers, and tee pipes from laserscanned data. The proposed 3D reconstruction method for as-built pipelines is divided into three main tasks: (1) identifying the types and locations of the pipelines from the laser-scanned data; (2) segmenting the pipelines into each type of pipe form; and (3) reconstructing the pipelines' geometry and topology and generating models of them. Field experiments were performed at an operating industrial plant in order to validate the proposed method. The results revealed that the proposed method can indeed contribute to the automation of 3D reconstruction of as-built pipelines.
INTRODUCTION
The as-built three-dimensional (3D) pipeline model of the existing plant facilities provides detailed information concerning each of the pipeline's distinct elements. The model is comprised of straight pipes, elbows, reducers, and tee pipes with specific diameters, lengths, orientations, and locations. Therefore, this model can effectively be used during the ongoing operations, maintenance, and retrofitting of the plant facility (Ermes 2000; Kawashima et al. 2012) . For example, piping components are periodically renewed by preventive maintenance; however, unplanned emergency repairs or replacements may also be necessary after accidents or failures. When a single pipeline requires maintenance, repairs, or/and replacements, the as-built 3D pipeline model allows the facility manager to easily find the real location of the pipeline and ensure that it is correctly fixed and maintained. Moreover, existing plant facilities often face the need to retrofit old pipes to increase their production during capacity expansion and/or process integration (Masuda and Tanaka 2010) . Through the replacement or addition of equipment pieces, new pipelines are added and sometimes existing pipelines have their paths rerouted. In such cases, the piping plans, inclusive of proposed diameters, lengths, and slopes, should be reviewed in correspondence with the as-built 3D environment (Chapman et al. 2004) . Additionally, the location of the equipment and the surrounding environment should be taken into consideration.
Although the as-built 3D pipeline model is useful, current practice requires a significant amount of manual work. This labor-intensive process makes it difficult to record the as-built condition of the pipeline. Even the manual reconstruction process becomes tedious when we consider the large number of pipelines in plant facilities, most of which constitute complicated pipeline networks. In addition, such a laborious process also makes it difficult to update the model when a change occurs with the asbuilt condition. This causes a discrepancy between the recorded model created when a plant was first built and its current as-built condition.
In order to facilitate the current manual process, several commercially available software programs have been developed (e.g., Leica CloudWorx (Leica Geosystems 2013), AutoCAD Plant 3D (Autodesk 2013) , and EdgeWise Plant TM 4.0 (ClearEdge3D 2013)). They provide user-friendly environments in 3D reconstruction of the as-built pipelines and several functions to manipulate laser-scanned data and to create and modify the pipeline models (Chunmei et al. 2009 ). With these aiding functions, for example, the recent development of EdgeWise PlantTM 4.0 provides an automated function to detect the straight portion of the pipeline and to fit cylinders to it. However, these improvements have been limited to the generation of the straight portion of an entire pipeline; the pipeline itself includes many forms of pipes. Therefore, this again requires significant user intervention, which is undesirable, to identify different pipe forms (other than the straight pipes) and even undetected straight pipes that should be modeled.
To this end, several research studies have been initiated (e.g., Bosché (2003) , Rabbani et al. (2006) , Kawashima et al. (2012) , and Lee et al. (2013) ) to automate the generation of an as-built 3D pipeline model. These studies have yielded advancements in terms of automatic performance. However, the previous methods are limited to only parts of an entire 3D pipeline, for example, straight pipes, elbows, and tees in the most recent study by Lee et al. (2013) . Although the study by Kawashima et al. (2012) attempted to achieve an improvement in terms of the completeness of the generated models of the entire 3D pipelines, only 55% of the individual pipes (other than the straight pipes) were accurately modeled from their actual pipe forms. In addition, in the studies by Kawashima et al. (2012) and Lee et al. (2013) , the detection of the as-built pipelines from laser-scanned data was performed manually before the proposed reconstruction process was initiated.
Previous attempts to address the problem of the reconstruction of 3D as-built pipelines range from the development of semi-automated methods to assist users in a tedious manual reconstruction process to the development of fully automated methods that eliminate any user involvement. The results of these efforts have shown that the repetitive, tedious, and even sometimes trivial tasks typically performed in the manual reconstruction of 3D as-built pipelines can be eliminated in favor of automated approaches. However, there is still a need for an effective, fully automated reconstruction method for an entire 3D pipeline-one that is composed of straight pipes, elbows, reducers, and tees.
The study aims to propose a method to automatically generate 3D models of entire pipelines comprised of straight pipes, elbows, reducers, and tee pipes. The basic concept behind the method is to use local curvature information on a pipeline surface to sequential parts of processing: the identification of as-built pipelines from complicated laser-scanned data, the segmentation of each pipeline into each pipe form, and, ultimately, the reconstruction of the pipelines' geometry and topology and the generation of 3D models of them. The rest of the paper is organized as follows: An overview and details of the proposed method for reconstruction of the as-built 3D pipeline are included in Section 2; in Section 3, experimental results are provided; finally, conclusions and recommendations for future research are given in Section 4.
RECONSTRUCTION OF AS-BUILT 3D PIPELINES
Laser-scanned data acquired from a plant facility can be incomplete because of complex occlusion (Rabbani et al. 2006; Masuda and Tanaka 2010) , or it can be affected by noise because of the reflective surfaces of the pipelines and other parts. In this situation, the challenges are to decide where the pipelines are and to reconstruct the pipelines' geometry and topology. This study proposes an automated method to model an entire as-built 3D pipeline consisting of straight pipes, elbows, reducers, and tees. Figure 1 illustrates the workflow for the proposed as-built 3D pipeline reconstruction method. In the 3D point cloud acquired from the as-built plant facilities, the laser-scanned data is collected from several locations and then merged. As a result, the acquired data is huge and contains redundant parts like overlapping regions. The purpose of pre-processing step is to reduce the redundancy prior to conducting sequential parts of processing. Reducing the areas of high-density regions also reduces the redundancy in the overlapped regions.
Following the pre-processing step, the first main task, pipeline detection, was proposed in our previous work to automatically identify the types and locations of the as-built pipelines from laser-scanned data ). The approach proposed here uses curvature information at certain points on the objects' surface to decide if it has the cylindrical surface with the pipelines' radii information. This information can be drawn from the existing piping and instrumentation diagrams (P&ID). This method requires only measuring only one-third of an object's surface to compute its radius. Therefore, the proposed approach is applicable even when only single-scan data is available. After the as-built 3D pipeline detection is completed, the basic principle behind the proposed segmentation and reconstruction tasks is that each type of pipe form, such as a straight pipe, an elbow, a reducer, or a tee, is represented by its centerline. The centerline of a 3D object is an abstract representation of the geometrical and topological properties of its 3D shape (Svensson et al. 2002) . In the case of a pipe, the centerline consists of its so-called central axis, which defines its position and orientation, and a set of pertinent parameters (van Gosliga et al. 2006; Bauer and Polthier 2009) . Therefore, the centerline of an entire set of pipelines is extracted. Then the centerline is divided in to several individual central axes, each of which represents a single type of pipe in the second main task, pipeline segmentation. Finally, a set of parameters for that type is calculated, and then the central axis and calculated set of parameters for each type of pipe are used to model the entire 3D pipeline. The details of the proposed method are in the following. Once the pre-processing is completed, the identification of the types and locations of the as-built pipelines follows. The as-built 3D pipeline detection method proposed by Son et al. (2013) was adopted for this purpose. This method is divided into the segmentation of the 3D data, feature extraction based on curvature computation, and pipeline classification to decide whether each segment is a pipeline. For details regarding the as-built 3D pipeline detection, please see Son et al. (2013) .
Segmentation of 3D Point Cloud
The pipeline detection method starts with the segmentation of the preprocessed laser-scanned data to disjoint the intersections of pipelines and other parts. The approach used for segmentation is based on the algorithm proposed in Rabbani et al. (2006) to divide a 3D point cloud into a set of disjointed segments. This approach uses a criterion based on a combination of surface normal similarity and spatial connectivity, which is defined by Rabbani et al. (2006) as the smoothness constraint. This segmentation approach is beneficial for detecting smoothly connected areas, such as pipeline's surface.
Feature Extraction Based on Curvature Computation
Next, it is necessary to determine whether each segment belongs to pipelines. This step is based on curvature information for deciding whether each segment has a cylindrical surface in which the pipelines' radii is given. Surface curvature has been used to characterize the shape of 3D object's surface (Carmo 1976; Zhao et al. 2006 ). The surface curvature information is also utilized in the subsequent steps for pipeline segmentation and reconstruction. The surface of the pipeline has cylindrical surface characteristics. In the case of a cylindrical surface, the maximum value of the curvature at a point on a pipeline surface is equal to the inverse of the radius of the pipeline. The curvature computation for each segment consists of selecting a seed point, finding neighboring point set around the seed point, fitting a local surface patch to the neighboring point set, and computing curvature at the seed point. In this study, a non-uniform rational B-spline (NURBS) surface was employed as a fitting surface from a given set of the neighboring points (Piegl and Tiller 1997) .
Pipeline Classification
This study uses a total of 30 seed points for each segment to determine whether each segment belongs to the group of pipelines or other parts. Then, using the curvature information, the segments belonging to the pipelines identified in the previous step are kept, and all others discarded. This study adopted a permissible error of ±5%. If the percent error of a computed radius against a given pipeline radius at a seed point is less than 5%, then the seed point is considered a part of the pipeline group. If more than or equal to 27 seed points satisfy this condition, then the segment belongs to the pipeline group.
As-Built 3D Pipeline Segmentation
The proposed pipeline segmentation task is divided into segment merging using its principal direction, 3D centerline extraction of the pipelines based on a curvature computation, and segmentation of each of the individual pipeline into parts.
Segment Merging
In the pipeline detection part, the types and locations of the as-built pipelines are identified from the complicated 3D point cloud. However, in the segmentation of the 3D point cloud, there can be over-segmented regions. This step aims to merge adjacent segments into a single pipeline using their principal direction. For this purpose, the adjacency between a selected segment and other segments is computed.
Then, the similarity of the principal directions of the adjacent segment pairs is analyzed. The principal curvature information, including this principal direction of the respective segment, is stored when the curvature computation is performed in the feature extraction step. Based on this information, the corresponding adjacent segment pair is merged into a single pipeline by applying a predefined direction threshold, this is the maximum angle allowed between the main eigenvectors of adjacent segment pair. This process is repeated iteratively until all possible adjacent segments that satisfy this condition are completely merged.
Centerline Extraction
Once the over-segmented regions have been merged into a single pipeline, the pipeline's centerline is reconstructed. From a certain seed point, if the curvature computation is done, two circles displaying each of the maximum and minimum curvatures at the seed point are found. The circle with the smallest radius is orthogonal to the circle with the largest radius. Here, we regard that the center of the circle with the smallest radius is located on the centerline of the pipeline. Then, other seed points are selected along the axis of the minimum curvature from the seed point to the ends of the pipeline with the given pipe radius. And for each of the seed points, the curvature computation is performed and the center location of the circle with smallest radius is found. Through this process, center points are found along the centerline of the pipeline at regular intervals (see, Figure 2(a) ). For example, Figure  2 (b) illustrates how to define the geometry of a pipe at the reducer. The pipe radius R 2 will vary from the original radius R 1 , the increment will vary and be determined based on the radii of the pipelines connected at the each side of the reducer. Through this process, a set of connected points lying on the centerline consisting of the connected sets of centerline nodes is obtained for each separate and individual 3D pipeline. 
Part Segmentation
After the centerline extraction, the connected sets of centerline nodes, which include the points lying on the centerline of each pipeline and connectivity between points, remain for each 3D pipeline. Then, the centerline should be segmented into the types of pipe that comprise that pipeline for the reconstruction purpose. Here, segmentation of the centerline of the 3D pipeline can be regarded as the classification of each node as belonging to one of the four types of pipes. The connectivity between centerline nodes of tee pipes is different from that of straight pipes, elbow pipes, or reducers. If one node is connected to three nodes, it is classified as an intersection, a so-called junction. Thus, every set of four connected nodes, includes one node corresponding to an intersection, are classified as representing a tee pipe. After that, if the angle formed by those three nodes is less than 6 5 radians, then the centerline nodes are classified as representing elbows. Then the nodes corresponding to the straight pipes or reducers remain. If radii of the top and bottom sides are different, then the nodes are classified as representing reducers, and then the remaining nodes are classified as representing straight pipes. In Figure 3(a) , black circles, red circles, blue circles, and green circles indicate the nodes in the representations of the straight pipes, the elbows, the reducers, and the tee pipes, respectively.
As-Built 3D Pipeline Reconstruction
The proposed pipeline reconstruction step is divided into the calculation of a set of parameters for the modeling of the individual components and the generation of 3D models of segmented parts from the determined set of modeling parameters.
Parameter Calculation
A cylindrical straight pipe is defined by the central axis of the cylinder plus its radius and length. A curved tube (elbow) is formed by the symmetry of the central axis plus an angle and its radius. A reducer is defined by the central axis of the cone as well as its radii of the top and bottom sides and length. A tee is formed by connecting a cylindrical branch pipe to a cylindrical main pipe at the point of intersection. Therefore, a tee pipe is defined by the central axes of the main and branch pipes plus their radii and lengths. Based on these concepts, each type of pipe that constitutes the pipeline can be modeled from the laser-scanned data.
Once the centerline nodes have been classified according to type of pipe, they can be used to define the position and orientation of the central axis of each type. In a given pipeline, all four types of pipe share the same radius (except a reducer and possibly some branch pipes of a tee), and the ends of an elbow, a reducer, or a tee are always connected to straight pipes. Based on these facts, a model of each type of pipe in a given pipeline can be generated by calculating a set of parameters that includes the angles of elbows radius and the lengths of straight pipes, reducers, and tee pipes, using the centerline nodes and the original 3D point cloud.
Surface Model Generation
Each model of a straight pipe, an elbow, a reducer, and a tee pipe is generated by using the calculated set of parameters such as the radius, the length, and the acute angle (for an elbow). Here, the central axes of the elbows, the reducers, and tee pipes are determined by considering the orientations of the pipes to which they are connected. In this way, an entire 3D pipeline with its straight pipes, elbows, reducers, and tees is automatically modeled (see, Figure 3(b) ). The reconstructed 3D models of segmented parts have the topological relations between parts. 
EXPERIMENTAL RESULTS
The proposed method described was applied to real experimental data. Laserscanned data was acquired from the chemical plant located in Yeosu, South Korea. A ScanStation C10 by Leica Geosystems was used to acquire a 3D point cloud. Figure  4 (a) shows a portion of the laser-scanned data of the test scene. This scene includes eight types of pipelines which have radii varying from 101.6mm to 304.8mm. In the pipeline detection task, the permissible error bound of ±5% was set to differentiate each type of pipelines. After pipeline detection, pipeline segmentation was performed and then the as-built pipeline model was generated automatically. Figure 5 shows the results of the proposed method for the as-built 3D pipeline reconstruction. Figure 5(b) shows a magnified portion of Figure 5 (a). In Figure 5 (b), several disjoint portions were left after the reconstruction. These were the portions of the inline items such as valves that the ends of them were connected to the pipes. In the pipeline detection, such segments were correctly discarded without false positive and false negative. From the experimental result, one can conclude that the proposed method is an improvement over previous methods that were limited to the modeling of only a part of a complete 3D pipeline in that the proposed method is capable of modeling an entire 3D pipeline. In addition, the full process of modeling a 3D pipeline is accomplished automatically without any manual intervention. 
CONCLUSION
The important issue in the as-built 3D pipeline reconstruction is how to automatically identify the pipelines from laser-scanned data, classify them according to their individual components, and generate 3D models of them. To generate models of the as-built pipelines that include straight pipes, elbows, reducers, and tee pipes, this study proposed a method that uses local curvature information on a pipeline surface to sequential parts of processing, ultimately, for reconstructing the pipelines' geometry and topology. The experimental results show that the proposed method has the potential to allow the as-built 3D pipeline reconstruction from laser-scanned data without manual work by automating the process. Thus, the proposed method has advantages over previous methods in terms of the completeness of the generated models of the entire 3D pipelines as well as automation performance. It is expected that the as-built 3D pipeline models generated by the proposed method can be used for various purposes in operations, maintenance, and retrofitting during the lifecycle of the plant facility. In the present study, field experiments were conducted on pipelines at chemical plant. Future research will include verification of the proposed method for pipelines installed at other kinds of plant facilities. Furthermore, interoperability between as-built 3D pipeline model reconstructed by the proposed method and 3D CAD plant-design software is needed in order to render the resulting reconstructions of the 3D pipelines useful in practice. Therefore, future research will also focus on the creation of add-on software programs for achieving interoperability between as-built 3D pipeline models and 3D CAD plant-design software.
